Aluminum pieces are often used in various industrial processes like automotive and aerospace manufacturing, as well as in ornamental applications, so it is necessary to develop processes to protect these materials, processes that can be industrialized to protect the aluminum as well or better than chromate treatments. The purpose of this research is to evaluate boric acid as an accelerator by optimizing its concentration in cerium conversion coatings (CeCC) with 10-minute immersion time with a concentration of 0.1 g L −1 over aluminum to protect it. The evaluation will be carried out by measuring anticorrosion properties with electrochemical techniques (polarization resistance, , polarization curves, PC, and electrochemical impedance spectroscopy, EIS) in NaCl 3.5% wt. aqueous solution and surface characterization with scanning electron microscopy (SEM).
Introduction
Among the most striking characteristics of aluminum is its versatility, and the range of physical and mechanical properties that can be developed is remarkable. The properties of aluminum that make this metal and its alloys the most economical and attractive options for a wide variety of uses are appearance, light weight, manufacturing versatility, physical properties, mechanical properties, and corrosion resistance [1] . Aluminum and its alloys are widely used in automotive and aerospace devices. Sometimes pieces of an aircraft are submitted to aggressive environments and changes of temperature as well as condensation, resulting in corrosion attack on them.
For many years, research for alternatives to chromatizing in order to diminish the damage to the environment has been carried out. Treatments that led to the development of other nontoxic coating processes with comparable adhesion properties and corrosion protection, such as conversion pretreatments formed by immersion in solutions containing phosphates, or cerium chloride, or other rare earth metal chlorides such as yttrium and lanthanum have been studied [2] [3] [4] [5] .
Approaches to cerium conversion coatings include different salts, variation on immersion temperature, anodizing, applying many layers, variation in concentration, surface activation, and use of accelerators like hydrogen peroxide [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] .
The aim of this work is to improve understanding of accelerators on cerium conversion coatings, by studying the effect of different concentrations of boric acid as an accelerator added to CeCC at 0.1 g L −1 at 60 ∘ C, and the role played by the substrate composition. The corrosion performance of treated aluminum surfaces that immersed 10 minutes in a cerium solution (0.1 g L −1 CeCl 3 ⋅7H 2 O and dissolved in 0.1 M NaCl) was analyzed. The electrochemical measurements were performed in a 3.5% wt NaCl aqueous solution and their response was correlated to the morphology and elemental composition.
Experimental Process
In this study, aluminum sheets used for testing had an area of 4.0 cm 2 and a 1 mm thickness with a nominal composition shown in Table 1 . Before immersion, metallic samples were cleaned and degreased using acetone. The cerium conversion Morphological aspects of the substrates and the conversion layers were studied by scanning electron microscopy (SEM/EDS) JEOL JSM-35C equipped with an EDS Voyager Tracor Northern Spectrometer. Chemical species distribution was also evaluated by EDS analysis.
Electrochemical characterization comprising polarization resistance ( ), polarization curves (PC), and AC impedance (EIS) was performed on the specimens treated with CeCC with and without accelerator. The samples were tested in a NaCl 3.5% wt aqueous solution at room temperature. A standard three-electrode setup and an electrochemical cell designed to work at room temperature were utilized. The cell consisted of an acrylic rectangular box (60 × 80 × 100 mm) with an exposed sample area of 0.785 cm 2 . The specimens were introduced by moderate pressure against an O-ring, avoiding localized damage on the cerium-based layer.
The counter-electrode was a large-area graphite bar and the reference electrode was a saturated calomel electrode SCE. The electrochemical measurements were obtained with an AC Gill potentiostat-galvanostat instrument connected to a personal computer.
Electrochemical impedance spectroscopy (EIS) was performed in the frequency range from 10 4 to 10 −1 Hz, with ten measured points per frequency decade with amplitude of 10 mV RMS open-circuit potential.
Results and Discussion
The SEM pictures of the cleaned and treated specimens are shown in Figure 1 . It can be seen that the conversion coatings grew without a preferential direction, since they presented basically the same morphology as the bare substrates. Figure 1 shows the micrographs for aluminum; before adding the accelerator to the CeCC the micrographs for aluminum showed some crystalline aggregates without a preferential direction (Figure 1(a) ). Using boric acid as an accelerator at 0. the native oxide of aluminum but did not constitute a continuous film as typically some oxidants do on a film surface. Table 2 shows the EDS analysis of the aluminum samples obtained after the conversion treatment while Figure 2 shows spectra for analysis (where copper was discarded in the quantification because it was an impurity in the cerium chloride solution as determined by atomic absorption). These studies were performed in zones not covered by the CeCC and in an area where CeCC covered the substrate only for 0.5 g L −1 of the accelerator sample. The table shows that the composition is quite different for each case, but the aluminum concentration is hugely diminished evidencing the formation of other species like Ce(III) oxide and a thicker aluminum oxide (alumina) layer. Similar behavior was obtained for the oxygen content that increased following the opposite trending, which could be related to alumina and Ce(III) oxide layer formation.
This work studied the effect of different concentrations of boric acid as an accelerator on CeCC baths and the role played by the substrate composition in this solution at 60 ∘ C. The results obtained by SEM indicated that the formation and growth of CeCC on aluminum were not uniform over the surface; the heterogeneous distribution could be due to increase in the silicon concentration (Table 3 performed by statistical treatments of the 220 test of EDS analysis) that brings about formation of crystalline aggregates and promotes localized attack. Finally, it appears that the formation of CeCC could not produce a fully covered surface of specimens at higher accelerator concentration. SEM analysis showed that a very thin film was formed on these substrates as a result of the cerium treatment and even obtained a better coat of cerium at the optimum concentration of accelerator. Figure 3 summarizes the polarization resistance ( ) data obtained for substrates with and without accelerator at different concentrations on the cerium treatment. Comparing the behavior of the coatings produced at different concentrations of the accelerator, it will be seen that 0.5 g L −1 samples have shown the highest and showed a better protection against corrosion (18167 Ω × cm 2 ).
Anodic polarization curves for aluminum specimens in NaCl 3.5% wt are presented in Figure 4 . The anodic curves show that the presence of an accelerator diminishes electrochemical activity, and at 0.5 g L −1 the curve shows lower current densities than for other concentrations. Although the electrochemical properties were different, it is demonstrated that the best behavior was obtained for 0.5 g L −1 of accelerator.
This behavior can be attributed to the formation of oxides of cerium, in which hydrogen peroxide acts as accelerator in oxide formation, because the standard reaction is produced by an increase of pH coming from the reduction of oxygen, favored by oxidation of metal. If hydrogen peroxide is added, the reaction occurs faster, due to the formation of hydroxyl ions coming from direct reduction of hydrogen peroxide, but if hydrogen peroxide decomposes into oxygen, oxygen reduction could occur [13, [20] [21] [22] :
Also it has been proposed [10, 23] that the formation of oxides of Ce(III) and Ce(IV) occurs using boric acid as accelerator; this formation could be due to the reduction of boric acid resulting in local alkalinization. No thermal effect on boric acid decomposition has been reported, so its effect of accelerator sample, which is a trend also observed in the phase impedance modulus versus log Bode diagrams ( Figure 5(b) ). The phase angle versus log Bode diagrams for the specimens (Figure 5(c) ) showed two time constants and higher phase angles for the samples containing 0.5 g L −1
of accelerator.
AC impedance results indicate that, due to the roughness of the substrate generated during the CeCC treatment, the surface can be modified by a localized attack, which may cause a decrease of the corrosion protection and changes in the solution's resistance. The higher impedances for the treated samples match the results obtained by , PC, and SEM observations and indicate a strong dependence of the chemical conversion treatments on the substrate. Some differences can be observed in the resistance solution and are attributed to the alumina layer formation and indicate a higher anticorrosive performance at 0.5 g L −1 of boric acid.
Conclusions
The results indicate that the conversion coatings grew without a preferential direction. The electrochemical test indicated that an optimum anticorrosive protection for the specimens evaluated might be achieved at 0. could modify the surface by localized attack, thus reducing the anticorrosive protection.
